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Abstract. The low-field magnetoresistance of La0.7Ca0.3MnO3 films deposited on different
substrates has been measured. Whereas post-annealed films on SrTiO3 and LaAlO3 exhibit
a clear anisotropic magnetoresistance (AMR), the low-field magnetoresistance of as-deposited
films on LaAlO3 and Si is dominated by grain-boundary magnetoresistance. At low temp-
eratures the anisotropic magnetoresistance is temperature independent with a value of about
−0.2 ± 0.1%. A simple atomic d-state model can explain the sign of the anisotropic
magnetoresistance.

1. Introduction

The resistivity of manganite thin films exhibits a strong dependence on the magnetization.
In applied fields of several teslas and near the Curie temperature a colossal magnetoresistive
(CMR) effect is seen [1]. However, a direct application of this galvanomagnetic effect is
precluded by the high fields needed to induce it. Therefore recent research activity has
concentrated on the low-field regime [2–6].

In this work we show that two mechanisms contribute to the low-field magnetoresistance,
i.e., anisotropic magnetoresistance (AMR) and grain-boundary resistance. In contrast to the
results of previous studies of anisotropic magnetoresistance in the manganites [7] we find
a clear AMR signal in post-annealed La0.7Ca0.3MnO3 films on SrTiO3 and LaAlO3. The
AMR at low temperatures is found to be small, i.e., about−0.2%, whereas the grain-
boundary magnetoresistance can reach appreciable values of−5% at low temperatures in
polycrystalline films. However, an AMR maximum of up to−2% in moderate fields is
found in epitaxial films near the Curie temperature. The existence of anisotropic magneto-
resistance in the manganites implies some ‘fine structure’ in the d bands that goes beyond
the basic double-exchange model [8, 9].

2. Film preparation and experimental details

La0.7Ca0.3MnO3 films were grown by laser ablation (XeCl, 308 nm) from a stoichiometric
target at an oxygen partial pressure of 100 mTorr and a substrate temperature of about
700 ◦C. High-quality epitaxial films were produced by this route on LaAlO3(001) and
SrTiO3(001) substrates with an as-deposited Curie temperature,TC, of about 230 K and
a resistivity maximum in zero field,TR, of 235 K. A post-annealing treatment for 2 h at
950 ◦C in flowing oxygen yields films with aTC of about 275 K and aTR of 290 K. The
deposition on Si(001) leads to the formation of polycrystalline films. These films still have
Curie temperatures above 200 K, but the metal/insulator transition is broad and the overall
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resistivity is roughly three orders of magnitude higher than in epitaxial films. An annealing
treatment at 950◦C in flowing oxygen does not lead to an improvement of the film qualities
of films on Si(001).

In this work we report extensive resistivity and magnetization measurements on (a) an
annealed film on SrTiO3 (LC229SR), (b) an as-deposited film on LaAlO3 (LC156LA) and
(c) an as-deposited film on Si (LC259SI).

Resistivity measurements were performed using a four-point technique. A constant
current between 10µA and 1 mA was supplied by a homemade constant-current source
and the voltage was measured with a Keithley model 182 nanovoltmeter; current reversal
ensured the elimination of thermal voltages. Contacts were made with silver paint. For
measurements on film LC229SR a van der Pauw [10] configuration was used, whereas four
in-line contacts were used to measure the resistance of the other films. The resistance of
film LC229SR was checked with an in-line contact configuration and essentially the same
results were obtained as in the van der Pauw configuration. The current was always applied
along the same current path directed along (100).

Magnetization measurements were performed with a SQUID magnetometer (Quantum
Design, MPMS-5).

3. The model

The anisotropic magnetoresistance is commonly defined as [11]

AMR = ρ‖ − ρ⊥
ρave

. (1)

ρ‖ and ρ⊥ denote the longitudinal (magnetic field parallel to the current) and transverse
(magnetic field perpendicular to the current) resistivities, respectively. The resistivity should
be extrapolated to zero induction,B = 0, andρave= (1/3)ρ‖ + (2/3)ρ⊥.

Detailed investigations of the resistivity of nickel alloys have shown that the aniso-
tropic magnetoresistance of those alloys can be understood within a two-current model
incorporating the spin–orbit interaction [12, 13]. In this model majority (spin-up) and
minority (spin-down) electrons carry the electric current in parallel. The resistivity in
each channel consists of two contributions, i.e., s-electron scattering into s and into d
states. In nickel alloys the resistivity due to s–d scattering dominates. The anisotropic
magnetoresistance can be estimated within a simple atomic state model.

According to the double-exchange model the electric current in the manganites is carried
by d electrons hopping between neighbouring manganese sites [8, 9]. The application of a
model based on s–d scattering means that the hopping manganese d electron is approximated
by a plane wave. Although a description by a tight-binding Bloch wave seems more
appropriate, we use the plane-wave model here as a starting point for understanding the
magnitude and sign of the observed anisotropic magnetoresistance.

The derivation of the anisotropic magnetoresistance presented here follows the reasoning
of Malozemoff [14]. The starting point is a Hamiltonian that includes a crystal-field splitting
1CF and an exchange-coupling energyHex. The spin–orbit interactionHso is introduced as
a small perturbation with

Hso= A
[
LzSz + 1

2
(L+S− + L−S+)

]
. (2)

The ten d-state wave functions for both spin directions are calculated to second order in
the spin–orbit coupling. Since the Fermi energy lies in the manganite eg↑ band [1], we
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Figure 1. The resistivity in zero field and 1 T applied parallel to the film (symbols) and the
magnetoresistance ratio MR at 1 T (solid lines) of different La0.7Ca0.3MnO3 films: (a) a post-
annealed film on SrTiO3 (LC229SR), (b) an as-deposited film on LaAlO3 (LC156LA) and (c) an
as-deposited film on Si (LC259SI).

concentrate on the eg↑ states in the following. The perturbed wave functionsψ are to
second order

ψ(1)
eg↑ =

(
1− δ2− 1

2
ε2
−

)
φx2−y2↑ −

1√
2

(
ε− −

ε2
−δ
ε
+ 1

2
ε2
−

)
φ−1↓ + i

(
δ + 1

2
ε−δ

)
φxy↑

(3a)

ψ(2)
eg↑ =

(
1− 3

2
ε2
−

)
φ3z2−r2↑ −

√
6

(
1

2
ε− + ε2

−

)
φ+1↓ (3b)

with energies

E1 = −1

2
Hex+ 1

2
Hex

(
ε

δ
+ 2εδ − εε−

)
(4a)

E2 = −1

2
Hex+ 1

2
Hex

(
ε

δ
− 3εε−

)
. (4b)

The following abbreviations are used:ε = A/Hex, ε− = A/(Hex−1CF) andδ = A/1CF.
φx2−y2↑, φ3z2−r2↑, φxy↑, φ−1↓ andφ+1↓ denote the unperturbed atomic d states.
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Figure 2. Magnetization at constant applied field as a function of temperature for the three films
shown in figure 1.

The resistivity is estimated from the scattering of a plane wave incident parallel or
perpendicular to the magnetization. Taking only eg↑ states and incoming spin-up electrons
into account we obtain [15]

ρ‖ − ρ⊥
ρave

= −3

2

[
A2

(Hex−1CF)2
− A2

12
CF

]
. (5)

The anisotropy arises due to theLzSz-term in the spin–orbit coupling, i.e., it is an intraband
effect.

4. Results

Figure 1 shows the resistivity of (a) the annealed La0.7Ca0.3MnO3 film on SrTiO3

(LC229SR), (b) the as-deposited film on LaAlO3 (LC156LA) and (c) the as-deposited film
on Si (LC259SI) as a function of temperature in zero field and with a magnetic field of 1 T
applied parallel to the film. The resistivitiesρ and the magnetoresistance at 1 T, MR, given
by

MR = [ρ(1 T)− ρ0]/ρ0 (6)

are in agreement with published values [1].ρ0 denotes the zero-field resistivity. In
figure 2 the magnetization of the samples is shown as a function of temperature. The Curie
temperatures estimated from the minimum in the magnetization derivative are 275.2 K for
the post-annealed film LC229SR, and 224.6 K (LC156LA) and 230.5 K (LC259SI) for the
as-deposited films. The magnetizations of the as-deposited samples on LaAlO3 and Si are
nearly identical, whereas the resistive behaviours are markedly different, thus indicating the
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Figure 3. The longitudinal (solid lines) and transverse (dashed lines) magnetoresistance of
the post-annealed sample on SrTiO3, LC229SR, at (a) 285.3 K, (b) 264.1 K, (c) 201.3 K and
(d) 96.1 K.

importance of grain-boundary effects on the resistivity of the sample on Si [3]. The high
Curie temperatures of the as-deposited as well as the annealed films on SrTiO3 and LaAlO3

and the fact that the temperature of maximal resistivity is close toTC prove the high quality
of our samples.

The low-field magnetoresistance has been measured at constant temperaturesT such
that 90 K< T < 310 K in magnetic fields applied parallel and perpendicular to the electric
current. The magnetic field was always oriented parallel to the film. Figures 3–5 show the
normalized resistivities

1ρ‖/ρM=0 = ρ‖/ρM=0− 1 (7)

and

1ρ⊥/ρM=0 = ρ⊥/ρM=0− 1 (8)

as a function of magnetic field for the three samples investigated at some selected
temperatures. The resistivity is shown in comparison to the magnetization measured in the
film plane in figure 6. The extrema in the resistivity are seen to occur at zero magnetization,
i.e., at the coercive fields. At these fields an appreciable fraction of domains are oriented
parallel (transverse geometry) or perpendicular (longitudinal geometry) with respect to the
current, thus yielding minima and maxima in the resistivity, respectively.

The post-annealed sample LC229SR shows a resistivity behaviour reminiscent of those
of cobalt and nickel—see e.g. reference [16]—i.e., well below the Curie temperature,1ρ‖
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Figure 4. The longitudinal (solid lines) and transverse (dashed lines) magnetoresistance of the
as-deposited sample on LaAlO3, LC156LA, at (a) 232.2 K, (b) 158.8 K and (c) 95.7 K.

and1ρ⊥ have different signs. The longitudinal resistivity reaches a maximum at the coercive
field, whereas the transverse resistivity shows a relative minimum; this finding is opposite to
the situation in cobalt and nickel which at the coercive field show minima in the longitudinal
and maxima in the transverse resistivity. The same resistivity behaviour is found for a post-
annealed film on LaAlO3 at 96 K.

The as-deposited films on LaAlO3 (LC156LA) and Si (LC259SI), however, show a
completely different behaviour. For both films the longitudinal as well as the transverse
resistivity exhibit maxima at the coercive field and largely the same functional dependence
on magnetic field. Only at higher fields does a small difference emerge: the transverse
resistivity at high fields is always larger than the longitudinal resistivity. The low-field
magnetoresistance effect is largest in the polycrystalline La0.7Ca0.3MnO3 film on Si and
much smaller in the epitaxial film on SrTiO3.

To investigate the dependence of the low-field magnetoresistance on the microstructure,
we proceed as follows. We determine the drop in the longitudinal resistivity at the coercive
field at 96 K:

1ρ‖
ρ0

(Hc). (9)

In figure 61ρ‖/ρM=0(Hc) is indicated; this is converted into1ρ‖/ρ0(Hc). This quantity
gives a rough measure of the low-field magnetoresistance. Since the transport properties
are strongly dependent on the microstructure [3] we use the zero-field resistivityρ0 at
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Figure 5. The longitudinal (solid lines) and transverse (dashed lines) magnetoresistance of the
as-deposited sample on Si, LC259SI, at (a) 211.3 K, (b) 158.9 K and (c) 96.4 K.

96 K as an indicator of the sample quality. Figure 7(a) shows results for a variety
of La0.7Ca0.3MnO3 films on LaAlO3, SrTiO3, Si and quartz substrates. The low-field
magnetoresistance increases with the zero-field resistivity. We find (see the solid line in
figure 7)

1ρ‖
ρ0

(Hc) ∝ √ρ0. (10)

In figure 7(b) the coercive fields of the samples investigated are shown. The coercive fields
are surprisingly constant over the wide range of film qualities investigated here. This proves
that1ρ‖/ρ0(Hc) is determined not by the coercivity but by the transport properties.

In figure 7(a) the low-field magnetoresistance of single grain boundaries as determined
in [17] and [18] is shown by solid triangles. The resistivity of a single grain boundary was
estimated from the areal resistivity by assuming a grain-boundary thickness of 1 nm [18].
Our results on different films extrapolate nicely to the results for single grain boundaries.
Therefore we conclude that the low-field magnetoresistance mainly has two contributions,
i.e., a contribution from the anisotropic magnetoresistance and a second contribution from
the grain-boundary magnetoresistance. The grain-boundary magnetoresistance is found to
be much larger than the anisotropic magnetoresistance. Since the longitudinal and transverse
magnetoresistances of the post-annealed sample are not fully symmetric with respect to the
field axis—see figure 3—we cannot exclude the possibility of a small contribution from
grain-boundary scattering in this sample.
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Figure 6. The longitudinal (solid lines) and transverse (dashed lines) magnetoresistance (left-
hand axis) and magnetization (�) (right-hand axis) of (a) LC229SR at 201.3 K, (b) LC156LA
at 158.8 K and (c) LC259SI at 158.9 K. The arrows indicate the definition of1ρ‖/ρM=0(Hc).

In the following we concentrate on the anisotropic magnetoresistance. Figure 8
shows the anisotropic magnetoresistance AMR= (ρ‖ − ρ⊥)/ρM=0 for the three samples
investigated as a function of temperature at different magnetic fields. Since the grain-
boundary resistance is isotropic, it cancels in the calculation of the AMR. It was not
possible to extrapolate the resistivity toB = 0. Therefore we useρM=0 instead ofρave

as a normalizing factor. For sample LC229SR this procedure introduces a negligible error,
since the low-field magnetoresistance is rather small. Measurements of the longitudinal
and transverse magnetoresistance of a post-annealed La0.7Ca0.3MnO3 film on LaAlO3 yield
AMR = −0.15% at 96 K and 0.03 T. This value was checked by measurements of the
angular dependence of the resistivity and was found to be consistent.

For all of the samples investigated, at low temperatures we find a nearly temperature-
independent AMR value of about−0.2%. The epitaxial films show an AMR maximum
close toTC—see figures 8(a) and 8(b)—that follows the colossal magnetoresistance (CMR)
maximum. This indicates that the AMR is caused by the same scattering processes as the
CMR.
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Figure 7. (a) Low-field magnetoresistance1ρ/ρ0(Hc) and (b) coercive fieldsHc as functions
of the zero-field resistivityρ0 at 96 K. Open symbols: this work; solid square: epitaxial film
(O’Donnellet al [7]); solid triangles: individual grain boundary (Mathuret al [17] and Steenbeck
et al [18]).

5. Discussion

From the measurement of three La0.7Ca0.3MnO3 films we consistently obtained a constant
low-temperature value of the anisotropic magnetoresistance AMR= −0.2 ± 0.1%. We
believe that this value is intrinsic since we did not find a systematic dependence on the
microstructure. Moreover, the post-annealed film on SrTiO3 appears to be of excellent
quality, i.e., contains only very few grain boundaries. This value is in agreement with the
value reported by Liet al [4] for an epitaxial La0.67Sr0.33MnO3 film on SrTiO3 at 4.2 K.

In section 2 a simple atomic model for the magnetoresistance was introduced. In
the manganites the crystal-field splitting is1CF ' 1.5 eV and the exchange splitting is
Hex ' 2.0 eV [1]. The atomic value for the spin–orbit coupling of first-series transition
elements isA = 0.04 eV [13]. From these numbers we obtain an anisotropic magneto-
resistance AMR= −0.85%.

There are two features to note: (1) the model predicts the correct sign and (2) the
predicted magnitude is reasonable. The prediction of the correct sign indicates that the
assumed bandstructure, i.e., a Fermi energy completely lying in the eg↑ band, is correct.
The effect is due to theLzSz-term in the spin–orbit interaction that leads to an energy
splitting of the eg↑ states, i.e., it is an intra-band effect. Considering the simplicity of the
model, the agreement between the measured and calculated AMR is surprising. We tried to
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Figure 8. The anisotropic magnetoresistance AMR as a function of temperature of (a) the
post-annealed sample LC229SR, (b) the as-deposited sample LC156LA and (c) the as-deposited
sample LC259SI.

improve the model by calculating the resistivity of a tight-binding Bloch wave scattered into
atomic d states. Unfortunately the result involves an unknown scattering matrix element
as an additional parameter and this is therefore not helpful for the interpretation of the
experimental data.

6. Conclusions

In this work we investigated the low-field magnetoresistance of La0.7Ca0.3MnO3 films
grown under different conditions on various substrates. Two processes contribute to the
low-field magnetoresistance, i.e., the anisotropic magnetoresistance (AMR) and the grain-
boundary magnetoresistance. Whereas the grain-boundary resistance strongly depends on
the microstructure, the AMR is an intrinsic property. At low temperatures the AMR is
temperature independent with AMR= −0.2 ± 0.1%. A simple atomic model for the
scattering of plane waves into d states yields a value AMR= −0.85% in surprisingly good
agreement with the data.

Since the low-field magnetoresistance is strongly microstructure dependent, it might be a
good indicator of sample quality. The observation of a positive transverse magnetoresistance
at temperatures far below the Curie temperature proves the excellent quality of our post-
annealed La0.7Ca0.3MnO3 films on SrTiO3 and LaAlO3.
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